The aim of this study is a biological application of focused ion beam-scanning electron microscopy (FIB-SEM) to demonstrate serial sectional images of skeletal tissues, here presenting the ultrastructure of 1) cartilaginous extracellular fibrils and 2) osteoblastic cytoplasmic processes.
Introduction
Focused ion beam-scanning electron microscopy (FIB-SEM), also referred to as ion abrasion scanning electron microscopy (1-3) may be one of the most valuable techniques to assess tissue morphology at the ultrastructural level, especially for cartilage and bone research.
Usually, FIB-SEM observations employs epoxy resin-embedded specimens that are ground by a gallium focused ion beam (4) . Then, the resultant surface images is detected by scanning electron microscopy (SEM)
backscattering, a process known as "slice-and-view" (5, 6) . While targeting specific regions of a given tissue sample can be a challenging task with transmission electron microscopy (TEM), FIB-SEM may overcome such limitation by employing faster visualization of serial ultra-thin section. However, few studies have explored the use of FIB-SEM for the ultrastructural assessment of bone and cartilage (7) .
Histologically, the developing growth plate cartilage comprises three major zones:
the reserve or resting zone, the proliferative zone and the hypertrophic zone (8) .
Chondrocytes in the proliferative zone proliferate and synthesize cartilaginous matrix simultaneously (9) . Cells from that zone become flattened proliferative chondrocytes, align themselves in columns and, after that, enter the hypertrophic phenotype marked by a translucent and enlarged cell body (8, 10) . The cartilaginous extracellular matrix in these zones can be divided into two regions: the intercolumnar septa, which parallel the longitudinal cell columns, and the transverse partitions within those columns (11) .
However, if external mechanical loading is applied to the growth plate cartilage, the ultrastructural relation between chondrocytes and extracellular fibrils can be dramatically affected and disrupt the chondrocytic columns (12) . Therefore, it is important to determine the normal ultrastructure of extracellular cartilaginous fibrils through FIB-SEM observations so that any existing disorders can be readily identified.
As a consequence of normal endochondral ossification (8, 13) , osteoblasts extend their cytoplasmic processes into the bone matrix of the primary trabeculae (14, 15) .
Since bone formation rate is extremely high in primary trabeculae (16) (17) (18) , one may wonder whether an osteoblast can produce new cytoplasmic processes at the same rate that it forms new bone. Alternatively, is it possible that cytoplasmic processes are synthesized in advance and "stocked" beneath the osteoblasts until needed?
In this study, we present the ultrastructure of 1) cartilaginous extracellular fibrils and 2) osteoblastic cytoplasmic processes by means of FIB-SEM. In addition, we present a modification of the block staining procedures reported by Thomas et al (19) in an effort to obtain adequate contrast in backscattered SEM images.
Materials & Methods

Tissue preparation for TEM and FIB-SEM
All animal experiments were conducted under the Hokkaido University Guidelines for Animal Experimentation (approval No.15-0041). Seven weeks-old female wild-type mice (Jcl: ICR, CLEA Japan) were used in this study (n=6).
Mice were anesthetized with an intraperitoneal injection of sodium pentobarbital and perfused with half-Karnovsky solution (2% paraformaldehyde and 2.5% glutaraldehyde diluted in a 0.067M cacodylate buffer, pH 7.4) through their left heart ventricle. After perfusion, all tibiae were stripped of soft tissues and immediately immersed in the same fixative for 48 h at 4 °C. After decalcification with a solution of 4.13% EDTA for two months, the specimens were cut into small pieces of 2mm x 1mm
x 1mm that included the metaphyseal growth plate. Specimens were subjected to block staining as described below, and were dehydrated with ascending concentrations of acetone before embedding in epoxy resin (Taab, Berkshire, UK) (20) . Semi-thin sections were obtained from the surfaces of the embedded specimens and observed under a light microscope after staining with toluidine blue (Merck, Darmstadt, Germany) to determine the area to be analyzed through FIB-SEM (JIB-4600F, JEOL Ltd., Tokyo, Japan). Ultra-thin sections were obtained with a microtome (Sorvall MT-5000, Du Pont, DD) for TEM observation at 80 kV (Hitachi H-7100 Hitachi Co.
Ltd, Tokyo, Japan).
Block staining for FIB-SEM
The method proposed by Thomas et al (19) for block staining prior to FIB-SEM imaging was modified to optimize contrast in backscattered SEM images of bone and cartilage. Contrast optimization is necessary because the decalcification process used for mineralized tissues is completely different from that used in the preparation of specimens from soft, non-mineralized tissues such as nerves.
Specimens (2mm x 1mm x 1mm) were embedded in 6% agarose gel and sliced into 300 µm-thick sections. These sections were then incubated in a solution of 2% OsO4 and 3% potassium ferrocyanide in a 0.067M cacodylate buffer with 4 mM calcium chloride for 5 h at 4 °C, which is considerably longer than suggested by Thomas et al (19) . Then, specimens were washed with distilled water in a rotator for 3 days, with distilled water being changed 3 times a day. After washing, specimens were immersed in 1% thiocarbohydrazide for 4 h at room temperature (RT), treated with 2% OsO4 for 3 h at RT, and placed in saturated uranyl acetate overnight at 4 °C. After washing with distilled water as described above, the specimens were stained with en bloc Walton's lead aspartate solution (0.066g of lead nitrate in 10ml of a 0.03M aspartic acid solution).
Specimens were washed in distilled water for 3 days once again before dehydration with ascending acetone solutions.
FIB-SEM observation
Tibial specimens were mounted in a special holder and sputter-coated with platinum to Approximately 350 consecutive slices with 50 nm-thickness were obtained.
Results
Chondrocytes and surrounding cartilage fibrils
The ultrastructure of cartilaginous fibrils surrounding chondrocytes in the proliferative and hypertrophic zones assessed by TEM and FIB-SEM were compared, as seen in At intervals of 2 µm, FIB-SEM imaging revealed the bundles of cartilaginous fibrils running parallel to the longitudinal axis of the chondrocytic columns, as well as vesicular materials deposited in the intercolumnar cartilaginous septa (Fig. 3) .
Observed at a higher magnification and with intervals of 150 nm, FIB-SEM images displayed focal contact points between the short cytoplasmic processes of chondrocytes and the cartilaginous fibrils that ran longitudinally in the septa (Figs. 4A-L) . In addition, the serial sections clearly showed that the included vesicular materials seen in 
Osteoblastic cytoplasmic processes in the primary trabeculae
TEM and FIB-SEM images showed an agglomeration of cytoplasmic processes beneath the osteoblasts; consistently, the number of cytoplasmic processes seemed lower in the bone matrix than in the osteoid (Compare asterisks and arrows in Figs. 5C, D) .
However, it is possible that tubular structures (i.e., cytoplasmic processes) and spherical structures (i.e., vesicles) appear as round shapes in cross sections. As shown in Fig. 6 , FIB-SEM imaging of 150 nm-thick serial sections demonstrated the tubular nature of the cytoplasmic processes, since a single process is seen as a round structure in the serial images (arrowheads in Fig. 6 ).
Discussion
To our knowledge, this is the first study employing the FIB-SEM imaging strategy to assess the cartilaginous fibrils and the osteoblastic cytoplasmic processes in the primary trabeculae. One important methodological choice was the modification of the block staining protocol reported by Thomas et al (19) , which led to improved contrast of backscattered SEM images and, consequently, better ultrastructural image production.
Bone and cartilage are abundant with collagen fibrils (8, 20, 21) , which facilitate the deposition of uranyl acetate and lead aspartate. Therefore, it was necessary to extend block staining for a longer period, as well as to repeat the washing procedures to obtain FIB-SEM images of enough resolution so that proper comparison with TEM images was possible.
Still, there were subtle differences between TEM and FIB-SEM imaging. While the ultrastructure of plasma membranes imaged with the two techniques were similar, the cartilaginous matrix seemed composed of non-fibrillar amorphous components in TEM images but FIB-SEM pictures showed obviously fibrillar structures (Fig. 2) .
Thus, TEM imaging shows amorphous materials among the cartilaginous fibrils, while backscattering preferably reveals fibrillary structures. This discrepancy may be due to the image-detecting methods, -backscatter electron and transmitted electron -between FIB-SEM and TEM. Therefore, each technique may have its own advantage for envision the ultrastructures. When incident electrons illuminate specimen, a part of electrons is reflected backward and emitted from the specimen surface. The intensity of emitted electrons -backscattered electron is stronger as the atomic number of the constituent atoms is larger, and also the image of backscattering can show more intense contrast than transmitted electron images (22) . Therefore, we postulate that TEM images show more detailed structures including non-fibrillar amorphous components, while FIB-SEM can provide images with highly-strengthened contrast of fibrillar structure in cartilaginous matrix.
The main advantage of FIB-SEM imaging is permitting faster visualization of serial ultra-thin sections, which optimizes the adjustments needed for identification of the target structures (23, 24) . As a result, we confirmed that chondrocytes in the proliferative and the hypertrophic zones extend their short cytoplasmic processes to the cartilaginous fibrils that parallel the longitudinal axis of the growth plate, and that vesicular structures are present in the intercolumnar septa -even at the proliferative zone ( Figs. 3 and 4) . These extracellular vesicles may be "matrix vesicles" secreted by proliferative chondrocytes, but it is well-known that mineralization takes place from the upper layer of the hypertrophic zone of the growth plate cartilage (8, 13, 21) . To identify the matrix vesicle, it is necessary to verify the presence of a variety of enzymes and membrane transporters involved in mineralization.
Possibly, proliferative chondrocytes may secret matrix vesicles incompletely-equipped with theses enzymes and membrane transporters. In any case, our finding using FIB-SEM may be a trigger for further examination of matrix vesicles in cartilage.
As shown in Figs. 5 and 6, we could hypothesize that osteoblasts seem to be able to "stock" their cytoplasmic processes on the osteoid in the primary trabeculae, which is marked by a high bone formation rate (17, 18) . We have previously demonstrated the distribution of osteocytes and their cytoplasmic processes were irregularly-arranged in the immature primary trabeculae, though they were regular in the mature cortical bone (14) (15) (16) .
It may be reasonable that osteoblasts' cytoplasmic processes also irregularly-oriented and accumulated in the osteoid. However, the geometrical nature of these structures must be confirmed through serial sections rather than observed on a single section. In fact, FIB-SEM has been recently employed to assess the three-dimensional aspects of several tissues using a specific imaging software (3, (25) (26) (27) , and also in dental histology, where it revealed the connections among dentinal tubules (28) . One limitation of this study is that only two-dimensional images were used; that being said, we are currently refining one three-dimensional FIB-SEM reconstruction protocol that will be presented to the bone research community in a near future.
Conclusion
In this study, we have used a FIB-SEM imaging strategy to successfully demonstrate richer spatial information concerning the structure of extracellular cartilaginous fibrils and of osteoblastic cytoplasmic processes in metaphyseal primary trabeculae. Taken together, it is likely that the application of FIB-SEM imaging to the study of mineralized tissues is feasible and promising.
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